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Description

[0001] The current invention relates to a method for
forming a doped region in a semiconductor layer of a
substrate according to the preamble of the first claim.
[0002] The present invention also relates to use of
such method and a substrate for use in such method.
[0003] Methods for forming a doped region in a semi-
conductor layer of a substrate are already known to the
person skilled in the art.

[0004] Forexample for n-type silicon photovoltaic cells
an emitter can be realized by using p-type doping ele-
ments such as boron or aluminum. Good solar cell results
have been obtained by using boron diffusion for the emit-
ter formation process. However, belt firing of screen print-
ed aluminum paste to form the emitter by Al alloying can
be a good alternative, since itis a much simpler approach
compared to boron diffusion in a tube furnace. Moreover
a large knowledge base is available for this kind of proc-
esses since screen printing and firing of an aluminum
paste is used industrially for the formation of a Back sur-
face field (BSF) for p-type photovoltaic cells.

[0005] Al alloying by screen printing and firing may
however lead to discontinuities in the doped region. This
is related to the alloying process, wherein the alloying
action of the aluminum from the paste particles with the
silicon wafer starts locally at points where the Al and the
silicon are in intimate contact. For p-type cells, ithas been
reported (F. Huster, "Investigation of the alloying process
of screen printed aluminium pastes for the BSF formation
on silicon solar cells", 20th European Photovoltaic Solar
Energy Conference, 2005, page 1466) that in order to
achieve a closed BSF without discontinuities there is a
need for a closed liquid Al-Si layer on the surface at the
peak firing temperature. Therefore, a minimum of 6
mg/cm? deposited amount of aluminum paste may be
required. When using an Al alloying process comprising
screen printing and firing for the formation of a BSF in p-
type cells, discontinuities in the doped region may lead
to higher back surface recombination velocities.

[0006] However, when using an aluminum screen
printing and firing process for the formation of an emitter
of an n-type silicon photovoltaic cell, the process needs
to be further optimized. Process parameters such as the
quantity of paste and the firing conditions are more critical
when this process is used to form an Al-alloyed emitter
region on n-type cells. Any discontinuity in the junction
can lead to shunt paths in the cells, thereby significantly
reducing the conversion efficiency of the cells.

[0007] Studiesrelated to the formation of an Al-alloyed
emitter by screen printing and firing on n-type photovolta-
ic cells show that the problem of shunt paths (caused by
discontinuities in the junction) exist even when using an
amount of screen printing Al paste up to 7.5 mg/cm?2.
Since the cost of the screen printing paste is an important
part of the total cost of a cell process, a higher quantity
of paste required will resultin an increased cell cost. Fur-
thermore, higher quantities of screen printing paste lead
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to more bowing of the cells. This will be even more critical
when making cells on very thin substrates.

[0008] Recently the junction discontinuities in n-type
silicon photovoltaic cells with an Al alloyed emitter formed
by firing a screen printed Al paste have been reduced by
optimizing the firing conditions (Ly Mai et al, "Improved
process for the formation of Al-alloyed emitter in n-type
solar cells", 18th Int. Photovoltaic Science Engineering
Conf,, India, Jan. 2009). The optimized process involves
a low temperature solid phase epitaxial growth process
after the conventional standard spike firing to minimize
the impact of junction discontinuities.

[0009] Therefore, it is an aim of the current invention
to reduce the amount of doping element paste without
increasing the risk for discontinuities in the doped region.
[0010] This is achieved according to the method ac-
cording to the characterizing part of the first claim.
[0011] Thereto the invention relates to a method for
forming a doped region (or doped regions) in a semicon-
ductor, forexample silicon, layer of a substrate by alloying
with doping elements, for example by aluminum alloying,
the method comprising: providing a highly pure doping
element; for example aluminum, layer on the semicon-
ductor, for example silicon, substrate, screen printing a
paste layer of doping element, for example the aluminum,
containing paste on the doping element layer, for exam-
ple the pure aluminum layer, and performing a paste firing
step. The doping element containing paste, for example
the aluminum containing paste, in the context of this ap-
plication is called the doping element paste.

[0012] It has been found that such a method allows to
reduce the amount of doping element paste without in-
creasing the risk for discontinuities in the doped region
as will be illustrated later on.

[0013] Preferred embodiments of the currentinvention
relate to a method for forming a doped region in a silicon
substrate by Al alloying, the method comprising screen
printing of an Al containing paste followed by paste firing,
wherein the method allows forming a doped region of
good quality with a substantial reduction of discontinuities
as compared to prior art methods, even when using low
quantities of Al containing paste, for example 5 mg/cm?
or less. A method according to one aspect can advanta-
geously be used for Al alloying of p-type silicon, for ex-
ample for the formation of a BSF in p-type photovoltaic
cells. A method according to one aspect can advanta-
geously be used for Al alloying of n-type silicon, for ex-
ample for the formation of an emitter region in n-type
photovoltaic cells. It is an advantage of the method that
the amount of Al containing paste can be reduced as
compared to prior art methods, thus leading to a more
cost effective process and reducing bowing of the cells.
[0014] According to preferred embodiments of the cur-
rent invention, a highly pure doping element layer, for
example a highly pure aluminum layer, is a layer with
purity higher than about 99.9%. Such highly pure doping
element layer, for example aluminum layer, can for ex-
ample be provided by a Physical vapor deposition meth-
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od such as sputtering, ion beam evaporation, thermal
evaporation, or by a chemical vapor deposition method
such as for example ALD (atomic layer deposition). The
thickness of the highly pure doping element layer, for
example highly pure aluminum layer, is preferably less
than about 3 micrometer, for example in the range be-
tween about 0.2 micrometer and 2 micrometer, for ex-
ample between about 0.2 micrometer and 1 micrometer.
[0015] According to preferred embodiments of the cur-
rent invention, the semiconductor substrate, for example
silicon substrate, can for example be a monocrystalline
substrate or a multicrystalline substrate. However, the
disclosure is not limited thereto. In case of an n-type sub-
strate, a method can be used for forming a p-n junction,
for example of a photovoltaic cell. In case of a p-type
substrate, a method can be used for forming a BSF (back
surface field) region of a photovoltaic cell.

[0016] Screen printing a layer of doping element, for
example aluminum, containing paste may comprise
screen printing an amount of paste less than about 10
mg/cmZ, preferably less than about 7 mg/cm2, for exam-
ple in the range between about 2 mg/cm? and 5 mg/cm?2.
[0017] The paste firing step may be done in a belt fur-
nace and may for example comprise heating the sub-
strate (with the aluminum layer and the aluminum paste)
to a temperature in the range between about 870°C and
1000°C, for example in the range between about 900°C
and 970°C.

[0018] According to preferred embodiments of the cur-
rent invention, the doping element layer is sandwiched
between the paste layer and the semiconductor layer.
[0019] According to preferred embodiments of the cur-
rentinvention, the doping element layer directly contacts
the paste layer and the semiconductor layer.

Figure 1 is a schematic representation (cross sec-
tion) of an n-type Al-alloyed emitter rear junction pho-
tovoltaic cell.

Figure 2 shows measured photovoltaic cell param-
eters for cells with an Al-alloyed emitter, as a function
of the amount of aluminum paste used, and for dif-
ferent alloying methods.

Figure 3 shows SEM cross sections of Al alloyed
junctions, for a prior art Al alloying method (Figure 3
(a) and Figure 3(b)) and for an Al alloying method
according to one embodiment (Figure 3(c) and Fig-
ure 3(d)).

Figure 4 shows measured |-V parameters for silicon
photovoltaic cells with an emitter formed according
to one embodiment, as a function of the thickness
of the highly pure Al layer.

Figure 5 shows measured |-V parameters of the cells
(144 cm?2) with stack of sputtered Al and screen-print-
ed Al vs. thickness of sputtered Al.

[0020] In the following detailed description, numerous
specific details are set forth in order to provide a thorough
understanding of the disclosure and how it may be prac-

10

15

20

25

30

35

40

45

50

55

ticed in particular embodiments. However, it will be un-
derstood that the present disclosure may be practiced
without these specific details. In other instances, well-
known methods, procedures and techniques have not
been described in detail, so as not to obscure the present
disclosure. While the present disclosure will be described
with respect to particular embodiments and with refer-
ence to certain drawings, the disclosure is not limited
hereto. The drawings included and described herein are
schematic and are notlimiting the scope of the disclosure.
It is also noted that in the drawings, the size of some
elements may be exaggerated and, therefore, not drawn
to scale for illustrative purposes.

[0021] Furthermore, the terms first, second, third and
the like in the description and in the claims, are used for
distinguishing between similar elements and not neces-
sarily for describing a sequence, either temporally, spa-
tially, in ranking or in any other manner. It is to be under-
stood that the terms so used are interchangeable under
appropriate circumstances and that the embodiments of
the disclosure described herein are capable of operation
in other sequences than described or illustrated herein.
[0022] Moreover, the terms top, bottom, over, under
and the like in the description and in the claims are used
for descriptive purposes and not necessarily for describ-
ing relative positions. Itis to be understood that the terms
so used are interchangeable under appropriate circum-
stances and that the embodiments of the disclosure de-
scribed herein are capable of operation in other orienta-
tions than described or illustrated herein.

[0023] It is to be noticed that the term "comprising"
used in the description and in the claims should not be
interpreted as being restricted to the means listed there-
after; it does not exclude other elements or steps. It is
thus to be interpreted as specifying the presence of the
stated features, integers, steps or components as re-
ferred to, but does not preclude the presence or addition
of one or more other features, integers, steps or compo-
nents, or groups thereof. Thus, the scope of the expres-
sion "a device comprising means A and B" should not be
limited to devices consisting only of components A and B.
[0024] Inthe contextofthe presentdisclosure, the front
surface or front side of a photovoltaic cell is the surface
or side adapted for being oriented towards a light source
and thus for receiving illumination. The back surface,
back side, rear surface or rear side of a photovoltaic cell
is the surface or side opposite to the front surface.
[0025] One embodiment relates to a method for form-
ing doped regions in a silicon substrate by aluminum al-
loying, the method comprising: providing a highly pure
aluminum layer on the silicon substrate, such as for ex-
ample by CVD (chemical vapor deposition) or PVD (phys-
ical vapor deposition), screen printing an aluminum con-
taining paste on the pure aluminum layer, and performing
a paste firing step.

[0026] However, the semiconductor substrate does
not need to be silicon and the semiconductor substrate
can also be, for example, germanium or other semicon-
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ductor materials deemed appropriate by the person
skilled in the art.

[0027] Also, the doping element does not need to be
aluminum and also other doping elements are possible.
[0028] In one embodiment, the method can advanta-
geously be used for forming a good quality junction in an
n-type silicon substrate, for example for forming an emit-
ter of an n-type silicon photovoltaic cell. The method can
also advantageously be used for forming a good quality
back surface field for a p-type silicon photovoltaic cell.
[0029] It was surprisingly found that providing a layer
of highly pure doping element, such as for example alu-
minum, (e.g. sputtered or evaporated) on the substrate
before screen printing the doping element, such as for
example aluminum, containing paste leads to an im-
proved uniformity of the doping element alloyed layer,
for example the Al-alloyed layer, after firing, as compared
to prior art methods. It was found that, when using a stack
comprising a thin, highly pure doping element, for exam-
ple Al, layer and a layer of screen printed doping element,
for example Al, paste for forming a doping element, for
example Al, alloyed emitter, the discontinuities (shunts)
in the doping element alloyed, for example Al-alloyed,
emitter were strongly reduced as compared to prior art
methods, wherein only a layer of screen printed doping
element, for example Al, paste is used for forming the Al
alloyed emitter. Adding a highly pure doping element, for
example Al, layer under the layer of screen printed doping
element, for example aluminum, paste for forming a dop-
ing element alloyed, for example Al-alloyed, emitter of
photovoltaic cells resulted in a substantial increase in
shunt resistance of the photovoltaic cells, even when a
low quantity of doping element, for example aluminum,
paste was used.

[0030] N-type Al emitter rearjunction photovoltaic cells
were fabricated having a structure as schematically
shown in Figure 1. The cells were fabricated using about
180 micrometer thick, n-type multi-crystalline silicon wa-
fers 4 (125 mm x 125 mm) with a resistivity in the range
between about 1 and 4 Ohm cm. The process sequence
started with acidic texturing, followed by phosphorus get-
tering, phosphorus-diffusion at the front side of the sub-
strate for forming an n+ front surface field (FSF) 2, and
deposition of a PECVD SiNx layer 3 as antireflective coat-
ing on the front side. Next an about 2 micrometer thick
layer of Al was provided at the rear side by Al sputtering
or evaporation, followed by screen printing of an Ag paste
at the front side for forming front side contacts 1 and
screen printing of an Al paste at the rear side for forming
an Al alloyed emitter 5 at the rear side and for forming
rear side contacts 6.

[0031] Experiments were done with different quantities
of Al paste screen printed at the rear side of the cells.
Three types of screens with different mesh sizes were
used to screen print various quantities of aluminum
paste, in the range between 5 mg/cm?2 and 9 mg/cm?
(corresponding to a thickness of the paste layer in the
range between about 30 micrometer and about 50 mi-
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crometer). After screen printing, the paste was dried in
a belt furnace at 300°C. The paste was then fired at a
peak firing temperature of about 900°C. Figure 2 shows
the effect of the quantity of screen-printed Al on the fill
factor FF (Figure 2(a)), the open-circuit voltage Voc (Fig-
ure 2(b)), the short-circuit current density Jsc (Figure 2
(c)) and the energy conversion efficiency (Figure 2(d)) of
the photovoltaic cells. Results are shown for cells where-
in the Al-alloyed emitter was formed with only a screen
printed Al layer according to the prior art (triangles), with
a stack comprising an evaporated Al layer and a screen
printed Al layer according to one embodiment (squares)
and with a stack comprising a sputtered Al layer and a
screen printed Al layer according to one embodiment
(diamonds).

[0032] For cells wherein only screen printed Al was
used for forming the emitter, the fill factor shows a very
strong dependence on the quantity of screen printed Al.
The fill factors increases nearly linearly from 46 % to 77
% with increasing Al paste quantity from 5.2 mg/cm? to
8.5 mg/cm? (Figure 2 (a)). However, when using a stack
comprising a 2 micrometer thick layer of highly pure Al
(sputtered or evaporated) and a layer of screen printed
Al, the firing step results in much higher fill factors, rang-
ing from about 72 % to more than 80 % for increasing
quantities of screen printed Al paste.

[0033] As shown in Figure 2(b), the open-circuit volt-
age shows a similar behavior. When using only a layer
of screen printed Al paste, the open-circuit voltage in-
creases from about 475 mV to about 610 mV for increas-
ing amount of Al paste. When using a method according
to one embodiment, open-circuit voltages higher than
600 mV are also obtained for low quantities of Al paste.
[0034] Figure 2(c) shows the short-circuit current den-
sity as a function of the quantity of screen printed Al. The
short-circuit current density also shows a clear increase
when adding pure Al under the screen printed Al layer,
but the dependence on the amount of Al paste is less
pronounced than for the fill factor and the open-circuit
voltage.

[0035] The energy conversion efficiency of the photo-
voltaic cells (Figure 2(d)) follows a trend similar to the fill
factor and the open-circuit voltage. No clear difference
in results was observed between samples with evapo-
rated Al and samples with sputtered Al as a highly pure
Al layer.

[0036] Cross-sections of the Al-alloyed junctions were
studied by scanning electron microscopy (SEM). The
SEM images of the junctions formed with the smallest
quantity of screen printed aluminum paste (5.2 mg/cm?2)
are shown in Figure 3. Figure 3(a) and Figure 3(b) show
SEM images for a sample wherein only screen printed
Al was used for Al alloying (according to the prior art).
These images clearly show a discontinuity in the Al-al-
loyed junction and large variations in emitter thickness.
The discontinuities lead to shunting of the junction, which
correlates well with the very low value of shunt resistance
that was measured for this sample (-90 Q.cm?). Figure
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3(c) and Figure 3(d) show SEM images of a sample
wherein the junction was formed according to a method
in one embodiment, using a stack comprising a 2 mi-
crometer thick sputtered Al layer and a screen printed Al
layer. It can be observed that this method leads to a more
uniform junction formation, which leads to less shunting
paths in the junction. This was confirmed by a higher
shunt resistance (-350 ©.cm2) and hence a higher fill
factor of the cells.

[0037] Obtaining a uniform junction with a lower quan-
tity of paste is not only important for cost reduction but
also leads to less bowing of the cells. This can be of
significant importance for future thinner cells.

[0038] Experiments were performed wherein only a 2
micrometer thick sputtered Al layer was provided on an
n-type silicon substrate (without a screen printed Al
paste), followed by a firing step for forming an Al alloyed
emitter. A photovoltaic cell comprising such an emitter
had a FF of 25 % and a Voc of 218 mV. This clearly
indicates that this approach does not lead to a uniform
emitter or to an emitter that is too thin or too lowly doped,
and that there is a need for combining the sputtered Al
layer with e.g. alayer formed by a screen printed Al paste.
[0039] In order to study the effect of the thickness of
the highly pure Allayer provided under the layer of screen
printed Al paste in embodiments of the present disclo-
sure, an analysis was performed of cells having an emit-
ter junction formed by Al alloying with a stack comprising
a sputtered Al layer with a thickness of 1 micrometer, 2
micrometer and 3 micrometer respectively, and a 10.5
mg/cm?2 screen printed Al layer on top of it. The current-
voltage parameters of the cells are shown in Figure 4.
The fill factor of the cells shows a monotonic decrease
with increasing thickness of the sputtered layer. It was
observed that 1 micrometer of highly pure Al resulted in
a high fill factor up to 82.2 %. Jsc and Voc of the cells
did not show a clear trend. The cells with a 1 um thick
sputtered Al layer showed the highest efficiency of 15 %
on 180 micrometer thick wafers.

[0040] In order to optimize the thickness of the pure Al
layer, provided under the screen-printed Al paste, studies
with 0.25, 0.5 and 1 wm of sputtered pure Al layer under
5.2 mg/cm? of screen-printed layer were carried out. The
I-V parameters of the cells are shown in figure 5. Firing
conditions were also improved to reduce shunt paths in
cells. For cells with only screen-printed Al for forming an
emitter, the average value of the fill factor was measured
and found to be 66 *+ 3 %. Although the fill factor showed
an improvement with improvement in firing conditions,
the cells were still clearly shunted. Interestingly, the cells
with only 0.25 pm pure Aluminium showed a significant
improvement in fill factor. The average fill factor was
found to be 76 + 3 %. The cells with increased pure Al
layer thickness up to 1 um, showed relatively small im-
provements/enhancement in fill factor up to 78 = 1 %.
[0041] Similar features were observed in open circuit
voltage of the cells (Fig 5 (b)). The cells with 0.25 um
pure Al layer showed a much improved open circuit volt-
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age of 593 = 2 mV as compared to 574 + 3 mV for cells
without pure Al. The cells with pure Al layer of 1 um show
very small improvement (2 mV) in Voc to reach up to 596
+2mV.

[0042] The shortcircuit currentof the cells did not show
any clear trend (Fig 5 (c)). The values of short circuit
current were within the larger error margins. The average
value of short circuit current for all conditions was within
27.2-27.4 mA/cm?2.

[0043] The efficiency of the cells followed the same
trend as fill factor and open circuit voltage of the cells. It
showed a significant increase with 0.25 pm of pure Al
layer and a relatively smaller increase with increase in
thickness of the pure Al layer.

[0044] These results show that depositing a very thin
layer of pure Aluminium (only 0.25 pm) with very small
quantity of screen printed Al paste (5.2 mg/cm?2) can lead
to fill factors of 76 + 3 %. Apart from the obvious advan-
tage of cost reduction, these results are particularly sig-
nificant for reducing bowing on cells made with very thin
wafers. This makes Al alloying an interesting alternate
to boron diffusion for very thin cells.

[0045] The foregoing description details certain em-
bodiments of the invention. It will be appreciated, how-
ever, that no matter how detailed the foregoing appears
in text, the invention may be practiced in many ways. It
should be noted that the use of particular terminology
when describing certain features or aspects of the inven-
tion should not be taken to imply that the terminology is
being re-defined herein to be restricted to including any
specific characteristics of the features or aspects of the
invention with which that terminology is associated.
[0046] While the above detailed description has
shown, described, and pointed out novel features of the
invention as applied to various embodiments, it will be
understood that various omissions, substitutions, and
changes in the form and details of the device or process
illustrated may be made by those skilled in the technology
without departing from the spirit of the invention.

Claims

1.  Method for forming a doped region in a semiconduc-
tor layer of a substrate by alloying with doping ele-
ments by screen printing a paste layer of doping el-
ement paste to the substrate and firing the screen
printed paste layer of doping element paste, char-
acterized in that a highly pure doping element layer
is applied to the semiconductor layer after which the
paste layer is screen printed to the doping element
layer.

2. Method according to claim 1, characterized in that
the doping element layer is sandwiched between the

paste layer and the semiconductor layer.

3. Method according to claim 1 or 2, characterized in
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that the doping element layer directly contacts the
paste layer and the semiconductor layer.

Method according to any one of claims 1 - 3, char-
acterized in that the semiconductor layeris a silicon
layer.

Method according to any one of claims 1 - 4, char-
acterized in that the semiconductor layer is a doped
layer.

Method according to claim 5, characterized in that
the semiconductor layer is a n-type layer.

Method according to claim 5, characterized in that
the semiconductor layer is a p-type layer.

Method according to any one of claims 1 - 7, char-
acterized in that the doping element is aluminum.

Method according to any one of claims 1 - 8, char-
acterized in that the highly pure doping element
layer is applied to the semiconductor layer using
physical vapor deposition or using chemical vapor
deposition.

Method according to any one of claims 1 - 9, char-
acterized in that an amount of less than about 10
mg/cm2, preferably less than about 7 mg/cm2, for
example in the range between about 2mg/cm? and
5mg/cm? of paste is screen printed to the substrate.

Method according to any one of claims 1 - 10, char-
acterized in that the firing comprises heating the
substrate comprising the semiconductor layer, the
highly pure doping element layer and the paste layer
to a temperature in the range between about 870°C
and 1000°C, for example in the range between about
900°C and 970°C.

Method according to any one of claims 1 - 11, char-
acterized in that the thickness of the highly pure
doping element layer is preferably less than about 3
micrometer, for example in the range between about
0.2 micrometer and 2 micrometer, for example be-
tween about 0.2 micrometer and 1 micrometer.

Method according to any one of claims 1 - 12, char-
acterized in that the purity of the doping element
layer is at least 99.9%.

Use of the method according to any one of the pre-
vious claims at least in combination with claim 6 for
forming a p-n junction.

Use of the method according to any one of claims 1
- 13 at least in combination with claim 7 for forming
a back surface field region of a photovoltaic cell.
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16. Substrate according to any one of claims 1 - 15 for

use in the method according to any one of claims
1-15.
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